Abstract. The modern large public lighting networks are characterized by two major aspects that rise problems from both power quality and neutral current point of view in low voltage wye-connected three-phase electrical systems: (i) the supply system is unbalanced loaded; (ii) the presence of discharge sources. It is important to underline that nowadays, these aspects are not taken into account in the proper
Introduction
An electrical power system is expected to operate in a balanced three-phase condition. However, a great number of low voltage networks supply three-phase or singlephase asymmetric loads; if the load is unbalanced, the distribution line currents are also unbalanced and cause unequal voltage drop on the distribution lines, such that the load bus voltages are unbalanced. As a result, electrical networks are normally unbalanced, and they have a certain degree of imbalance that depends on the network composition and operation. It is than imperative to conclude that unbalance is a common phenomenon in the distribution system that may be mainly ascribed to the presence of single and double-phase loads and that can cause several quality-related problems; it is however important to realize that unbalance may be created as a result of different operating conditions even within threephase loads [1, 2] .
On the other hand, the increasing use of non-linear equipment (electronic power converters, saturable devices, arc furnaces and discharge-type lighting) in electrical distribution systems has raised the level of concern about the effects of these loads on the system. Three-phase non-linear loads such as motor drives and other similar devices can create important quality problems but do not contribute significantly to neutral current. Of special concern are single-phase devices with rectifier front-end power supplies (such as computers, electronic lighting ballasts, and other similar electronic devices) or discharge lamps. When these types of loads are connected line to neutral in a three phase wyeconnected power systems, the neutral conductors in the three phase feeders can carry surprising levels of current, even with the loads balanced on the three phases [3, 4] .
Taking into account the above mentioned aspects, the possible unbalanced operating conditions resulting in supplying single-phase non-linear loads is of increasing interest because of the proliferation of these types of loads that are widely used [5] . Assuming the three-phase power supply system is symmetrical, the causes of non equal distorted phase current harmonics can be referred, in the most general case, to the type, the number, and the size of the single-phase non-linear loads fed by each phase.
Experience has shown that the harmonic currents do not upset the end-use electronic equipment as much as they overload neutral conductors and transformers. Indeed, the neutral current of a three phase system is given by the summation of the phase currents; these currents at the fundamental and at the harmonics in case of a multigrounded wye distribution system are returned back to the source either through the system neutral or remote earth ground. With reference to the neutral current spectrum, in the three-phase system which is perfectly balanced and symmetrical, it contains only triplen order components, because only the triplen harmonic phase currents present zero sequence characteristics. In unbalanced three-phase systems, this is not the case since the phase harmonic currents, including also the fundamental, must be viewed as a superposition of all three symmetrical components: the neutral current spectrum will contain not only triplen harmonics but all the components possessing zero sequence.
Since the national norms has prohibited neutral conductor overcurrent protection, a proper sizing of this conductor is required for the three-phase wye connected distribution systems supplying large number of single-phase nonlinear loads. It is the situation of public lighting systems where, typically, a three-phase four wire distribution network feeds single-phase non-linear loads, namely high pressure discharge lamps.
This paper:
• Analyzes the unbalance of large public lighting networks;
• Discusses current signature of single phase high intensity discharge lamps and examines the relationship of these signatures to neutral current in wye-connected three-phase electrical systems.
• Establishes formulas for estimating maximum neutral current under various total harmonic current distortion levels for both balanced and unbalanced load conditions.
These discussions apply to 400/230V electrical systems and lighting distribution systems in Europe.
Unbalance of large public lighting networks
The majority of light sources in public (street) lighting are HID ( High Intensity Discharge) lamps using electromagnetic (classic technology) or electronic ballasts and every lighting grid contains a great number of such single-phase loads. In order to balance the distribution network, they try to connect the same number of lamps on every phase of supply system; however, very often, the whole tree-phase load can appear to the supply network as unbalanced load at the fundamental and at the harmonics.
Let us consider the public lighting network presented in figure 1 , where every phase of the distribution system supplies the same number of the same lamps equally spaced out (z*l, with z real positive, is the distance from the supply point to the first lamp). In this case, the voltage drop on every line is:
where α represents the distribution line; n -number of lamps on every line; α k l -distance between the supply point and the lamp k on the line α; In these conditions, if the distribution system is balanced, the voltage drops can be determined as follows:
represents the voltage drop on the line unity of length. From the above relationships, it results that even in the hypotheses taken into consideration, the lighting network is unbalanced as the voltage drop on every line is different. If one considers n lamps on every phase, the voltage unbalance factor equals zero-unbalance factor and can be calculated with:
For the lighting network presented in figure 1 , n = 2, and:
as a result, we can estimate the total unbalance factor [4] :
Figure 2 presents a new situation where the lamps are unsuitable distributed on the three phases of the supply system; in this case, the voltage drops are:
The voltage unbalance is greater as the total unbalance factor has the value:
The right solution that guarantees the balance of the lighting network is presented i n figure 3 ; this configuration, known as U distribution, assures the following voltage drops:
i.e. all lines are equally loaded and the total unbalance factor is zero.
If the lamps are unequally distributed between the three phases, the electrical distribution system will be unbalanced. In this case, the RMS value of the neutral current can be computed as [6] :
where I 0 represents the zero sequence of the line current, I f its RMS value (the positive sequence of the balanced system) while 0 I k is the zero-unbalance factor of line current.
Non-linear loads and neutral current
HID lamps are typical single-phase non-linear loads. The measured current spectrum for a high pressure sodium lamp used in street lighting systems is presented in figures 4 -7 and highlights an abundant content of current harmonics, especially after connecting the power factor correction capacitor. It is well known that in the case of 4 wires distribution networks supplying non-linear loads, an important effect of the harmonic pollution is a supplementary neutral current; with reference to the neutral current spectrum, in three phase systems which are perfectly balanced and symmetrical, it contains only triplen order components, because only the triplen harmonic phase currents present zero sequence characteristics. In such conditions, the instantaneous value of the neutral current can be written as
and has the RMS value
where I 3k is the RMS value of the 3k harmonic current. , etc contribute to the neutral problem; normally, because of their lower current levels, the 15 th and higher triplen harmonics do not significantly affect the RMS neutral current value. Therefore, in case of a distribution system supplying 3 single-phase non-linear loads, a sufficiently accurate estimation of the neutral current, I neutral , is obtained by multiplying with three the higher triplen current harmonic value [7] k neutral
This approach allows the following commentary: a percentage of 33% for a triplen harmonic current, with respect to the phase current, leads to a 100% additional overload of the neutral wire.
The RMS phase current value, including harmonic current, can be obtained from individual current harmonics, as
The formula for the current total harmonic distortion is defined by 100 100 100 14) where I k is the RMS value of the k th harmonic current, and I 1 is the RMS value of the fundamental current.
If we denote with k γ , the level of the k th current harmonic
relationship (14) becomes
Equations (14) and (16) indicate that, without harmonics, the total RMS current is simply the value of the fundamental component that i s, the total harmonic distortion (THD i ) of a sinusoid current waveform, is 1.
On the other hand, from (13) and (14) it results: 
If we consider only the greater harmonic current, from the above relationships we can write: 
Neutral current in unbalanced harmonic polluted networks
In the most disadvantageous circumstances, namely unbalanced and non-sinusoidal conditions, the value of the neutral current will satisfy the relationship:
that can be also written as 
and is represented in figure 9.
Measurement and computed results
In order to analyze the behavior of the modern public lighting systems, the authors have implemented the above proposed algorithm for calculating the neutral current in a distribution network supplying a street lighting system. The system has 40 modern luminaries/phase; each luminaries is fitted with a 150 W SON-T lamp, a capacitor for power factor compensation and a digital power switch for dimming.
The harmonic pollution for the considered high pressure sodium lamp depends on the structure of the circuit: without the compensation capacitor the lamp has a satisfactory harmonic behavior (THD=11.1 -case 1 and THD=8.4 -case 3); when the compensation capacitor is added, the harmonic performance is strongly depreciated (THD=47.7 -case 2 and THD=72.2 -case 4) and highlights possible resonance events.
Analyze was performed in two cases (balanced and unbalanced network); for each case, the influence of the Table 1 , where d i is the neutral current total harmonic distortion, and show that even when the harmonic pollution is at low level, the neutral current can be great enough if the luminaries are asymmetrically distributed on the three phases of the supply network. For systems characterized as polluted, the neutral current can exceed the line current.
For a balanced system, the neutral current growth due to non-sinusoidal operation can be evaluated in different ways. Depending on the harmonic pollution characteristics, adequate equations can be used: relationship (12) is a simple and quite accurate way to estimate the neutral current when the line current has a dominant triplen harmonic; when there are more components with an important harmonic level, equation (11) is recommended. Even not so exactly, equation (18) allows a quick estimation of the h armonic current contribution to the neutral current. 
Conclusions
Modern luminaries used in public lighting systems are often fitted with high-pressure sodium lamps. These lamps are characterized as non-linear loads and pollute the electrical distribution system. The p aper presents some relationships that allow the estimation of the upper limit of the neutral current amplification due to harmonic pollution presence and unbalance.
As a general conclusion, the estimation of the neutral current in electrical public lighting distribution systems is compulsory in order to avoid incidental outrunning of the neutral conductor current capacity.
